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Improved  growth  technology  and  emergence  of 
ZGP,  AgGaSe2  as  potential  high  power  0P0 
and  SHG  materials  reinvigorates  NLO 
programme 


NLO  Materials  -  What  Next? 


A  short  Introduction  to  the  range,  content  and 
key  issues  for  discussion  at  the  Workshop  and 
beyond 


A  W  Vere 
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Variation  of  Absorbance  and  Carrier 
Concentration  with  Stoichiometry 


•  P  G  Schunemann,  Control  of  Stoichiometry  in  Semiconductor 
Heterostructures  (Workshop  -  Bad  Suhl,  Germany,  1995) 

*  V  S  Grigor’eva  et  al,  Sov  Tech  Phys  Lett  1  No  2  (1975)  61 
"  Impurity  Level  (Hypothetical) 


Carrier  Concentration  (cm*3) 
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Growth  programme:  OBJECTIVE 
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Lattice  parameter  for  <100>  &  <01 0>  directions 
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Effect  of  Annealing  Time  on  the  Optical  Absorption 
of  IAO  Zinc  Germanium  Phosphide  Samples 
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Effect  of  Annealing  Vapour  Pressure  on  the  Optical 
Absorption  of  IAO  Zinc  Germanium  Phosphide  Samples 
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Reduction  otthe  Near-Infrared#ybsorption  of 
Zinc  Germanium  Phosphide  Through 
Post-Growth  Annealing  Treatment 
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Presence  of  two-photon  absorption  limits  high  power  generation 


pie  size:  ~  1  cm  x  1  cm  x  1 
c  axis  in  the  polished  face 


uoissjuisueJi  a|duies  lunuijuiyy 


(WM\mo)  q 


©  o  o  o 

co  <6  d  oi 


•  i 

ft 

/  1 

r^~ 

% 

\ 

\ 

;  " 

•  / 

* 


w 
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Effective  Nonlinearity  <  0.05  cm/MW 


ZGP  -  crystals: 

homogeneity  region,  real  defects  and  optical  quality 

R@D  Center  ATOM 

(Advanced  Technologies  for  Optical  Materials) 

Semiconductor  Material  Science  Laboratory 

Siberian  Physico-Technical  Institute  at  Tomsk  State  University 


Crystals 

GaSe 

ZnGeP2 

CdGeAsi 

Tl3AsSe3 

1 — - - - ■ — 

Transparency  region,  pm 

0.7-16 

2.1  2.5-8  10 

2.5-16 

2-17 

Optical  losses 
in  transparency  region,  cm'1 

<0.1 

<  0.2<  0.1  0.2 

<0.2 

<0.1 

Monocrystals  size 

diameter,  mm 

30 

30 

20 

40 

length,  mm 

100 

80 

50 

80 

Nonlinear  elements  size, 

mmxmmxmm 

-  ■ 

<  20x20x20 

< 15x15x25 

< 10x10x15 

- 

MOLTECH  Corp.  (USA),  EKSMA  (Lithuania),  ELAN  (St. -Petersburg, 
Russia)  and  other. 


Chronology  of  ZnGeP2  researches  in  Siberian  Physico- 

Technical  Institute 


1973  -  1975  -  Coping  the  ZnGeP2  technology  developed  in  Ioffe  PTI 

1978  -  beginning  the  works  on  development  new  technology 
of  ZnGeP2  growing  (V.G.  Voevodin) 

1980  -  producing  large  ZnGeP2  single-crystal  ingots  of  high  optical 
quality  (a<  0.1  cm'1  @  2.5  -  8.5  mkm) 

1982  -  1986  -  the  cycle  of  main  publications  on  PFC  in  ZnGeP2  (SPTI, 
IAO,  IGP,  IAP) 

1986  -  1988  transfer  the  ZnGeP2  technology  to  SD0  "Optika" 

(now  IOM)  together  with  the  equipment  and  part  of 
servicing  staff 

1990  -  present  -  together  with  R&D  Centre  "ATOM"  team-work 
on  the  solving  of  the  following  problems: 

-  thermodynamical  calculations  of  ZnGeP2  homogeneity 
region; 

-  clearing  up  the  nature  of  defects  in  ZnGeP2; 

-  search  the  reliable  ways  of  reduce  the  optical  losses  in 
the  range  X<  2.5  mkm 


Liquidus  Partial 
temperatures  pressures 


Thermodinamical 
parameters  of 
compound _ 


Thermodinamical 
parameters  of  point 
defects 


Activity  coefficients  ( v{) 


Experi-  a'priory 
ment  estimation 


AH  Sv  AH 's  S . 


Formation  of  the  neutral  vacancies  in  ZnGeP2 


Table  II.Entropies  and  enthalpies  of  neutral  vacancies  in  ZnGeP2 


Element 

Zn 

Ge 

P 

Entropy  in  J/(mol  K) 

41.6 

54.4 

52.4 

Enthalpy  in  kJ/mol 

18.3 

28.9 

16.8 

Fig.  3.  The  neutral  vacancies  concentration  in  ZnGeP2  as  a  function  of 
liquidus  temperature;  cut  Ge  -  ZnP2 . 


The  ionised  vacancies  concentrations  in  ZnGeP2 


Ionisation  energy  EtM=  lM(m*/m)(z/  s+5 C/6)2,  C— 1/ eo  - 1/  8  (11) 

where  IM  is  first  ionisation  potential  of  atom  M,  z  is  effective  charge,  s  is  static 
dielectric  constant,  so  is  high-frequency  dielectric  constant. 


Fig.  4.  The  ionised  vacancies  concentration  in  ZnGeP2  as  a  function  of 
liquidus  temperature;  cut  Ge  -  ZnP2 . 


Results  of  simulation  of  the  region  of  homodienity  formation 


Fig.  6.  ZnGeP2  region  of  homogietity,  estimated  as  deviation  of 
corresponding  concentrations  of  point  defects. 

T,  K:  1  -  1298;  2 -  1270;  3 -1210. 

Axes  correspond  to 

XZn=0.25  mol  fractions,  XGe=0.25  mol  fractions,  XP=0.5  mol  fractions. 
Value  of  scale  deviation  is  0.0003  mol  %. 


Optical  losses  in  ZGP  at  X  <  2.5  p 


Versions 
of  main  reason 
for  the  losses 


A:  photoionization  of  deep  acceptors  (Vzn?)  [Brudnyi  ao] 

B:  light  scattering  by  microinclusions  of  Zn  and  Ge 
[Voevodin  ao] 

C:  light  scattering  by  (3 -ZGP  clusters  or  photoionization 
of  Znoe-Gezn  antisite  pairs  [Shimony  ao,  J.  Cryst. 
Growth,  198/199  (1999)  583-587 


^Post-growth 


treatment  of  ZGP  for  losses  decreasing 


1.  Annealing  at  500-550°C 

2.  Electron  (e-)  irradiation 

3.  Laser  &  1.06  p  annealing 

4.  y-irradiation 

5.  Ultrasonic  treatment 


[Rud'  ao] 

A.  B? 

[Brudnyi  ao] 

C? 

[Voevodin  ao] 

B. 

[Shuneman  ao] 

A.  B? 

[Voevodin  ao] 

B.  C? 

LT-annealing  of  ZGP  crystals 


Sample 

# 

As-grown 

Condition 
of  LTA 

Annealed 

1 

a,  cm'1 
(A.=5  p) 

Nd, 

cm'2 

a,  cm'1 
(A,=2.5  p) 

a,  cm'1 
(X=5  p) 

Nd, 

cm'2 

187 

0.5 

0.3 

106 

550°C 

150  h 

ZGP  powder 

0.2 

0.01 

3  *  1 05 

165 

1.0 

0.7 

5-104 

550°C 

150  h 

2  at  P4 

0.3 

0.07 

105 

^  282 

0.8 

0.3 

105 

550°C 

150  h 

1.3  atP4 

0.3 

0.1 

8- 1 04 

273 

1.8 

1.8 

5-104 

550°C 

150  h 

2  at  P4 

0.05 

0.04 

3*  104 

Ultrasonic  treatment  of  ZGP  crystals 


Absorption  coefficient  of  ZnGeP2  at  wavelength  X  —  1 .06  mcm 
versus  energy  density  of  pulsed  laser  radiation  (x  =  1  ms) 


Calculated  spectra  of  light  losses  in  ZnGeP2  with  microinclusions  of 
Zn  (1-3)  and  Ge(l'-3'). 

Diameter  of  inclusions  is  :  1 ,  1'  -  200  A;  2,  2'  -  400  A;  3,  3'  -  600  A; 
Volume  fraction  is  C=10‘6 
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Analysis  of  CdGeAs2  using  thermal 
admittance  spectroscopy 


Steven  Smith 

University  of  Dayton  Research  Institute 


Thermal  Admittance  Spectroscopy  (TAS)  measures  the 
response  of  a  Schottky  diode  as  a  function  of  frequency  and  temperature.  The 
resulting  peaks  in  the  conductance  spectrum,  or  inflection  points  in  the 
capacitance  spectrum,  can  be  used  to  determine  the  thermal  activation 
energy(s)  of  the  defects  (impurities).  Both  spectra  are  shown  in  this  slide. 


Fitting  the  peak  in  the  TAS  spectrum  of  specimen  5600  (4Q) 
demonstrates  that  more  than  one  defect  is  responsible  for  the  peak.  The 

evolution  of  the  shape  demonstrates  the  relative  response  of  the  defects  as  a 
function  of  frequency. 


0  50  100  150  200  250 

Temperature  (K) 


TAS  spectra  of  specimen  5603  (4N)  differs  significantly  from 
those  of  5600  and  5601.  A  deeper  level  is  evidenced  by  the  broad  ‘bump’  in 
the  spectra  around  150  K. 


5 


Comparison  of  the  TAS  spectra  before  and  after  electron 
irradiation  of  specimen  5600.  A  slight  shift  to  lower  energy  is  noted  by  the 
postion  of  the  peak  in  the  post-irradiation  spectrum. 
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20-21/9/99  NLO  materials  workshop  -  High  rep  rate  Tandem  OPO 
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§§  ZGP  phasematching 

^  type  I  -  generated  waves  both  have  same  polarisation  plane 
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Segregation  of  Absorbing  Defects  in  CdGeAs 
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CdGeAs2:  Recent  Advances 


Reflection  &  Scattering 


AgGaTe2:  a  promising  new  nonlinear  optical  crystal 
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Development  of  Technology  of  ZnGeP2  Single  Crystal  at 


TR3 


High  priority  problems  related  to  ZnGeP2  technology 


VO 
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TRIO  -  Time  dependence  of  expenditure  velocity  of  P4  vapour 
under  pressure  of  10-12  atm  with  Zn-Ge  melt  at  1010  C  . 


Hot  zone  temperature  -  1010  °C 

Cold  zone  temperature  -  515  °C  ( Pp4  =  10  atm) 


0.8 
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I  _ _ _ _ _  X 

04  o  20  40  60  80  100 


Distribution  of  growth  failures  on  causes 


TR12  -  Probability  distribution  of  ZGP  crystalline  blocks  enlarged 
along  growth  axis  in  VB-method  with  spontaneous  nucleation. 


Chalcopyrite  others  (iio)  (102)  (112)  (116M132)  <332)  (3i6) 


TR14  -  The  image  of  growth  container  surrounding  structure  for  computer 
calculations. 


GF  method: 

The  isotherm  crystallization  rate  for  container  with 
and  B  surrounding  structure. 

Cooling  rate  -  1  “/hour. 


L,mm 


VB  method: 

A  Distribution  of  isotherm  crystallization  rate  (in 
units  of  mechanical  movement  rate)  along 
crystal  axis. 

A-type  of  surrounding  structure  ,0fUrnace=6<5tn; 

1  -  calculation’s  data  ,0ampouie=3<S?m; 

2  -  experiment’s  data,  0ampouie=2<§ni; 


rR15.  Diagram  of  stady  state  temperature  distribution 


Material 

Linear  regression  coefficients 

Calculal 

ted  values 

Ts 

Gs 

TL 

GL 

1 

Kl/Ks 

Ge 

4.6 

940.51 

2.7 

937  ±1 

1.7  ±0.1 

#>GeP2 

2009.9 

16.24 

1807.53 

12.9 

1027  ±  1 

1.3  ±0.1 

Literature  data  for  Ge  :  Kl/Ks  =  2.93  [3] 
Corrected  ratio  for  ZnGeP2 :  Kl/Ks  =  2.3 


The  Second  Long-term  Program 


TR17  Some  Results  of  investigations  of  ZGP  crystals  doped  from  melt.  Measurements  were  made  in  DERA.  The  crystals  were  grown  in  IOM 
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ZGP  GROWTH  FROM  MELT: 

THE  VAPOUR  PHASE  COMPOSITION  AND  CRYSTAL 

PROPERTIES 


G.A.  Verozubova 
A.I.  Gribenyukov 
Yu.  F.  Ivanov* 

Institute  for  Optical  Monitoring  SD  RAS 
*Tomsk  Polytechnical  University 

in  collaboration  with  A.Vere,  DERA,  Malvern 


The  work  was  fulfilled  under  financial  support 
DERA,  United  Kindom 


327°C  -  ZnGeP2  starts  to  decompose 

1°38°C  -  ZnGeP2  melting  point  (Seb  Fiechter ,  1996) 


The  total  pressure  above  ZnGeP2  -  Ploiai  (Buehler,  1971) 
and  partial  pressures  of  Zn-  P  and  P  -  P 
calculated  from  the  regular  solution  theory  ^ 
(Roenkov,  1975):  PZn  =18  Torr  at  1068C 


Experimental  details 


Synthesis:  modified  two-temperature  technique,  allowing  to 
produce  more  then  500  gms  of  the  material  in  one  process 

Growth:  vertical  Bridgman  technique,  (100)  seeds 


TABLE  1.  Crystal  growth  conditions. 


Gas  pocke 

1  1060  990  6  0.5  6.9  1.1 


Cipk  AifterStiir 

3  1060  950  10  0.5  -  -  on  the  top  e 

the  crystal 


*  Pp4  (Pzn)  -  pressures  of  phosphorus  (zinc),  created  by  additional 
charges  of  P  (Zn),  and  calculated  from  the  ideal  gas  law. 


ZnGeP2  slices  after  chemichal  etching 


temperature,  C 

DTA  curves  of  ZGP  grown  under 
various  pressures  of  Zn  and  P 

Experimental  detaif$:the  weight  of  the  studied  samples-0.5  g  ,  heating  and  cooling  rates 
reference  material  -  A€2Q3,  speed  <sf  the  paper  movement  - 


Differential  temperature,  C 


Fragments  of  failure  (damage)  of  the  bulk  ZGP  specimen 
arranged  on  the  carbon  substrate 


Electron  microscope  EM-125 
Accelerating  voltage  125  kV 
Working  Magnification  65-85  000 
Resolution  7-10 A 


ZnGePi 


Microscopic  image  of  ZnGeP2  grown  under  Zn  rich  vapour 
phase  (as-  grown  crystal  N1) 


Microscopic  image  of  ZnGeP2  grown  under  Zn  rich  vapour 
phase  (annealed  crystal  N1) 


Microscopic  image  of  ZnGeP2  grown  under  the  phospho 
pressure  of  7.2  atm  (crystal  N2) 


Microscopic  image  of  ZnGeP2  grown  under  the  vapour  phase 
depleted  of  volatile  components  (crystal  N3) 


TABLE  2.  The  vapour  phase  composition  during  growth 
and  the  phase  composition  of  precipitates. 


am 

TpSl I 

jMtp 

in 


::ili 

*:■  T% 


EXTERNAL 

WlEWtfCv' 

OF  THE 
GROWN 
CRYSTAL 

Gas 
pockets 


mwm  wn 

tmmsm  INO 


SEESOFi  .• 
PRECIPITATES 


pockets 


0  1-1.5  mkm 

^0  hmxT  mkm 
25x300  nm 
QH  0  0.2-0.3  mkm 

0  80-90  nm 


iGeSSBi^S  0  5  nm 


nmmm  Ge 

-  eutectic 

iHfil  on  the  ^i^M®i.'15x45  nm- 

^0p  ; 


fflgf  crystal  08  nm 

*  Pp4  (Pzn)  -  pressures  of  phosphorus  (zinc),  created  by  additional  charges  of 
P  (Zn),  and  calculated  from  the  ideal  gas  law. 


Chemichal  point  of  view: 


Dissociation  reaction  for  the  melted  ZGP  (Seb.  Fiechter,  1996) 

ZnGeP2(melt)  oZn(gas)  +(1  "X)G6(Cond)  +xG©P(Cond)  +  (0.5-0.25X)  P4(ga 


Mass  action  law  for  the  dissociation  reaction  of  the  melted  ZGP: 

(0.5-0.25X) 


Kp(T)  ~  PZn  Pp4' 


TABLE  2.  The  vapour  phase  composition  during  growth 
and  the  phase  composition  of  precipitates. 
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*  pP4(pZn)  -  pressures  of  phosphorus  (zinc),  created  by  additional  charges  of 
P  (Zn),  and  calculated  from  the  ideal  gas  law. 


Clienticltal  point  of  view: 


Dissociation  reaction  for  the  melted  ZGP  (Seb.  Fiechter,  1996) 

lG©P2(melt)  <£=>Zri(gaS)  "^(1  “X)G6(Cond)  ^"XG0P(COnd)  (0.5-0.25x)  P4(gas) 


Mass  action  law  for  the  dissociation  reaction  of  the  melted  ZGP: 

kp(T)  ~  pZn  pP4<0S-°-25x> 


absorption  coefficient,  cm'1  absorption  coefficient  cm1 


Absorption  coefficient  spectra  for  as-grown  crystals 
Slices  were  cut  from  the  middle  part  of  the  ingot 


(vacuum,  T=600°C,  duration  300  hours) 

Slices  were  cut  from  the  middle  part  of  the  ingots 


absorption  ^efficient,  cm 


1,0  1,5  2,0  2,5  3,0  3,5  4,0 

wavelength,  mkm 


Absorption  coefficient  spectra  of  ZnGeP2  after  irradiation 

slices  were  cut  from  the  middle  part  of  ingots, -r  A.  i  is  £  ^  ^ 


Conclusions 


To  study  the  influence  of  the  vapour  phase  composition  during 
growth  on  crystal  properties  three  single  crystals  were  grown 
from  one  starting  material  but  under  varied  vapour  phase 
composition. 

1  DTA  have  shown  the  different  composition  of  these  crystals: 
their  melting  points  are  different.  For  the  Zn  and  Ge  rich 
crystals  it  is  lowered  as  compared  to  the  crystal  grown  with 
the  P  excess  only. 

2.  All  three  crystals  have  the  second  phase  particles.  The 
second  phase  composition  correletes  with  the  vapour  phase 
composition. 

3.  For  the  most  part  the  second  phase  particles  have  a  drop 
(splintery)  form  and  nanometer  sizes.  In  individual  cases  the 
second  phase  precipitations  as  the  submicron  -  micron  s 
areas  (Zn  or  Zn+  ZnxPy)  are  found. 

4.  As  a  rule,  the  nanodimensional  particles  are  located  along 
boundary  of  areas  of  the  crystal  fracture,  being  responsible 
for  the  brittle  cracks  in  ZGP. 

5  ZnGeP2  fragments  free  from  the  second  phase  particles  have 
high  elastic  stress  fields  whereas  fragments  containing  the 
latter  particles  are  free  from  stresses.  This  could  possibly 
indicate  that  the  crystal  areas  having  a  high  level  of  elastic 
stress  fields  are  the  places  of  the  second  phase  particle 

formation. 

6.  The  different  improvement  of  the  crystals  grown  with  Zn-rich 
vapour  phase  and  vapour  phase  depleted  of  volatile 
components  on  irradiation  is  apparently  related  to  the 
different  volume  fraction  of  the  second  phase  particles  or 
their  sizes.  The  lowest  absorption  at  2  pm  attained  by 
irradiation  is  <  0.01  cm  \ 


Inelastic  Light  Scattering 
by  Free  Electron  Gas 
and  Coupled  Electron-Phonon  Excitations 
in  Advanced  Semiconductor  Structures 
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A  F  Ioffe  Physico-Technical  Institute  - 
Academy  of  Sciences  of  the  Russia 


194021,  St  Petersburg,  Russia 


High  resolution  light  scattering  by  LO  Phonons  *n 
semi-insulating  GaP  ( n  <  10  12  cm -3 )  m  the 
temperature  range  7  -  290K 


various  temperatures 


/  j?-ZnGeP2(Bi) 


2.0  3.0 


10.0 


Optical  absorption  spectra 
of  the  LT  grown  ZnGeP2  <Bi> 
and  HT  grown  /?-ZnGeP2  single  crystal 
obtained  by  standard  technique. 


2.0  2.5  3.0  3.5; 


looo/r,  k-1 

Temperature  dependence 
of  the  hole  concentrations 
of  the  two  LT  grown  p-Z nGeP2  <Bi>  and  <T1> 

samples. 

Symbols:  x  and  A  for  p^\  o  for  p1. 
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SUMMARY  OF  DONOR  AND  ACCEPTOR  PROPERTIES 

1.  Zinc  vacancies  are  the  dominant  acceptor  in  ZnGeP2- 

•  Both  Vz~  and  VZn=  charge  states  are  present. 

•  There  is  no  spectroscopic  evidence  to  date 
for  VZn°  in  as-grown  crystals. 

2.  Dominant  donors  are  phosphorus  vacancies  and  germanium 
antisites. 

•  Vp  and  Gez^  in  the  dark. 

•  Vp  and  GeZn+  with  light. 

.  Effect  of  laser  light: 

•  633  nm  --  increases  VZn  signal 

creates  Vp  and  GeZn+  signals 

decreases  VZn  signal 
creates  Vp° 
does  not  create  GeZn+ 


1064  nm  -- 
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Development  of  Technology  of  ZnGeP2  Single  Crystal  at 
Institute  for  Optical  Monitoring  SD  RAS 


TR  3 


High  priority  problems  related  to  ZnGeP2  technology 
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TRIO  -  Time  dependence  of  expenditure  velocity  of  P4  vapour 
under  pressure  of  10-12  atm  with  Zn-Ge  melt  at  1010  C  . 

Hot  zone  temperature  -  1010  °C 

Cold  zone  temperature  -  515  °C  (PP4=10atm) 


Distribution  of  growth  failures  on  causes 


TR12  -  P 
along  gr< 


TR14  -  The  image  of  growth  container  surrounding  structure  for  computer 
calculations. 


L,mm 


GF  method: 

The  isotherm  crystallization  rate  for  container  with  A 
and  B  surrounding  structure. 

Cooling  rate  -  1  “/hour. 


VB  method: 

Distribution  of  isotherm  crystallization  rate  (in 
units  of  mechanical  movement  rate)  along 
crystal  axis. 

A-type  of  surrounding  structure  ,0fUrnace=6^hi; 

1  -  calculation’s  data  ,0ampouie=3(§m; 

2  -  experiment’s  data,  0ampouie=2<Sm; 


R15.  Diagram  of  stady  state  temperature  distribution 


Termocouple 


zt 


Material 


Ge 


Linear  regression  coefficients 


Ts 


942.42 


Gs 


4.6 


TL 


940.51 


GL 


2.7 


Calculated  values 


Tmel 


937  ±1 


Kl/Ks 


1.7  ±0.1 


#SeP2 


2009.9 


16.24 


1807.53 


12.9 


1027  ±1 


1.3  ±0.1 


Literature  data  for  Ge  :  Kl/Ks  —  2.93  [3] 
Corrected  ratio  for  ZnGeP2  •  Kl/Ks  =  2.3 


Tr  16  The  Second  Long-term  Program 


ZGP  GROWTH  FROM  MELT: 

THE  VAPOUR  PHASE  COMPOSITION  AND  CRYSTAL 

PROPERTIES 


G.A.  Verozubova 
A.I.  Gribenyukov 
Yu.  F.  Ivanov* 

Institute  for  Optical  Monitoring  SD  RAS 
*Tomsk  Polytechnical  University 

in  collaboration  with  A.Vere,  DERA,  Malvern 


The  work  was  fulfilled  under  financial  support 
DERA,  United  Kindom 


327°C  -  ZnGeP2  starts  to  decompose 
1038°C-ZnGeP2  melting  point  (Seb  Fiechter ,  1996) 


The  total  pressure  above  ZnGeP2  -  Plolal  (Buehler,  1971) 
and  partial  pressures  of  Zn-  P,  andP-P 

Zn  P4+P2 

calculated  from  the  regular  solution  theory 
(Roenkov,  1975):  PZn  =18  Torr  at  1068C 


Experimental  details 


Synthesis:  modified  two-temperature  technique,  allowing  to 
produce  more  then  500  gms  of  the  material  in  one  process 

Growth :  vertical  Bridgman  technique,  (100)  seeds 


TABLE  1.  Crystal  growth  conditions. 


Gas  pocke 

1  1060  990  6  0.5  6.9  1.1 


Ge  eutectic 

3  1060  950  10  0.5  -  -  on  the  tope 

the  crystal 


*  Pp4  (Pzn)  -  pressures  of  phosphorus  (zinc),  created  by  additional 
charges  of  P  (Zn),  and  calculated  from  the  ideal  gas  law. 


ZnGeP2  slices  after  chemichal  etching 


temperature,  C 

DTA  curves  of  ZGP  grown  under 
various  pressures  of  Zn  and  P 

Experimental  details: the  weight  of  the  studied  samples-0.5  g  ,  heating  and  cooling  rates  -  T.Sdeg'/ffiin 
reference  material  -  At2C3,  speed  of  the  paper  movement  -  lirrawrttwin 


Fragments  of  failure  (damage)  of  the  bulk  ZGP  specimen 
arranged  on  the  carbon  substrate 


Electron  microscope  EM-125 
Accelerating  voltage  125  kV 
Working  Magnification  65-85  000 
Resolution  7-10 A 


Microscopic  image  of  ZnGeP2 


Approach  :  calculations  of  defect  configurations  and 
energetics  in  the  framework  of  the  atomistic  model. 
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Defect-induced  lattice  distortion  plays  a  key  role 
in  stabilizing  the  hole  states  in  the  lattice. 
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Dopant  Binding  Energies 
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»  Cu,  Ga  :  acceptor  In,  Te  :  donor  (Bairamov  98) 
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Optical  Properties  of  Tellurium  Rich 
TexSe(1_x)  Nonlinear  Optical 
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The  composition  Te  0  286  Se  0  714  is  estimated  to  have  an 
energy  gap  of  1  eV  or  1.24  microns  from  literature  data 


WHAT  IS  A  LARGE  SECOND  ORDER  NONLINEAR 
SUSCEPTIBILITY  (a.k.a.  CHI2)? 
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Upper  limit  for  bound  electrons  is  4000-5000  pm/V 


Oriented  Tellurium  Crystal 
Perkin  Elmer  FTIR  (Raw  Source  Beam) 
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AFRL  Materials  Directorate 
Efforts  in  Nonlinear  Optical 
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DESIRED  PROPERTIES  FOR  NLO  UNOBTAINIUM 
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THRUSTS  OF  BULK  CRYSTAL  PROGRAM 
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BBO  {  P*BaB  204},  CLBO  {  CsLiB  6O10>, 

KBBF  {KBe2B03F2},  CsLaB7013, 

low  birefrigence:  SBO  {SrB407}  &  PBO  {PbB407} 
MM’(B305>3  where  M  =  Sr,  Ba,  Pb;  M’  =  Li,  Na 


Figure  of  Merit  for  Many  Common  NLO  Materials 


Transparency  Range  -  (microns) 
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CRYSTAL  ASSOCIATES,  INC. 
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Halliburton  &  Scripsick,  SPIE  Proc.  2379  235  (1995) 


CHALCOPYRITES 


High  Power  ZnGeP  2  OPO 
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MOmTMftO**  Cf*W**€A*t 


•  Ga 


Uneo.Abe,  Suiki  &  Koma,  JapJ.Appl.Phys.Lett.,  30  LI  352  (1991) 


K.  L.  Vodopyanov 


RECENT  GaSe  USES 


W.C.  Eckhoff,  R.S.  Putnam,  S.  Wang,  R^.  Curl,  F.K.  Tittel 
A  continuously  tunable  long-wavelength  cw  IR  source 
for  high-resolution  spectroscopy  and  trace-gas  detection 
Appl.  Phys.  B  63. 437-441  (1996) 

Difference  frequency  generation  (DFG)  of  two 
synchronously  pumped  Tksapphire  lasers  yields  continuosly 
tunable  light  over  8.8-15.0  pm  region. 

K.L.  Vodopyanov  &  V.  Chazapis 
Extra-wide  tuning  range  optical  parametric  generator 
Optics  Communications  135. 98-102  (1997) 
Optical  parametric  generator  (OPG)  yields  continuously 
tunable  light  over  3.3-19  pm  range. 


Fig.  1  GaSe  and  ZnGeP2  angular  tuning  curves  at  A  -  2.8  pm 
pump  for  the  two  types  of  phase-matching.  Vertical  ban  corre¬ 
spond  to  experimental  half-maximum  Iinewidths.  Solid  - 
calculated  tuning  curves.  Insets  show  linear  transmission  spectra 
for  the  two  crystals; 


-  GaAs,  ZnSe 
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Mid  IR  Multigrating  PPLN 
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‘  New  Family  of  NLO  Materials:  CGX 
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'  Progress  in  Crystal  Growth  of  CsGeCI 


5  mm  SSHHHH  Rockwell 

Science  Center 


CsGeBr3  Transmission  Spectra 


CsGeCL  Transmission  Spectra 


Non-linear  for  IR 
region  in  DTIM 


L.  I.  Isaenko 


Design  &  Technological  Institute  of  Monocrystals  SB  RAS,  630090, 
Novosibirsk,  Russia,  E-mail:  lisa@lea.nsk.su 


Outlines 


I.  Design  &  Technological  Institute  of 
Monocrystals  SB  RAS: 

-  field  of  activity,  main  crystals; 

-  contacts  and  collaborators; 

II.  Crystal  real  structure. 

1.  Investigation  techniques; 

2.  Pyroelectric  properties  effect  on  processes  of  crystallization 
and  defect  formation  (on  example  of  KTA,  LiInS2); 

3.  Defects,  appearing  at  deviation  from  stoichiometry  (KTA, 
LiInS2); 

III  Structural  investigation 

1 .  Structural  features  responsible  for  spontaneous  polarization 
Ps,  in  KTA,  LiInS2 

2.  Structural  simulation  of  doping  process: 

-  KTA,  doped  by  Nd  and  Yb; 

-  LiInS2,  doped  by  Nd; 

-  AgGaS2,  doped  by  Yb 

IV.  Spectroscopic  parameters  of  poly  functional 
crystals 

V.  Double  chlorides  as  active  media  for  IR 
region 


VI.  Conclusions 


Design  &  Technological  Institute  of  Monocrystals, 

Russian  Academy  of  Sciences,  Siberian  Branch, 

founded  in  1978 

The  main  trends  of  the  scientific  research: 

1_The  complex  physic-chemical  study  of  the  growth  processes  of  the  optic 
quality  single  crystals  for  the  laser  technique  and  optoelectronics. 
^.Experimental  modeling  of  the  diamond  crystallization  processes  and  the 
refinement  of  the  methods  of  diamond  instruments  manufacturing. 

j  Experimental  modeling  of  the  natural  mineral  formation  processes  and  the 
^  improvement  of  the  methods  of  gem  crystals  growth.. 

Main  growth  techniques: 

TSSG,  Czochralski,  Bridgeman-Stockbarger,  Kyropulos, 
low  temperature  growth  from  aqueous  and  organic  solutions 

The  main  groups  of  crystals  under  consideration: 

-  Oxides;  halogenides,  chalcogenides  (Tables); 

Foreign  collaborators: 

1.  The  Lawrence  Livermore  National  Laboratory,  U.S.A.; 

2.  Tohoku  University,  Japan; 

3.  Observatory  of  Paris,  Bureau  of  Metrology,  Paris,  France; 

4.  University  of  Bourgogne,  Dijon,  France, 

Financial  support: 

1 .  Grant  of  the  Civil  research  and  Development  Foundation  (CRDF); 

2.  INCO-Copernicus  grant; 

3.  Contracts  with  the  LLNL  beginning  from  1992; 

4.  Contracts  with  other  universities/  companies  all  over  the  world. 


Specific  effects  at  crystallization/cooling 

of  pyroelectric  (ferroelectric)  crystals 


1. A  strong  anisotropy,  in  growth  rates  along  and 
across  polar  axis; 

2.  Self-organization  of  extended  defects  structure 
directed  to  lower  or  compensate  completely  the 

large  pyroelectric  fields  inside  crystal  appearing  at 
crystallization  or  cooling: 

•  Formation  of  twin  or  domain  structures  from  several 
blocks  with  different  (opposite)  direction  of 
spontaneous  polarization  vector  Ps. 

•  Formation  of  channel  type  defects  extended  along 
polar  axis  and  filled  by  different  phases  with  lower 
melting  temperature  which  operates  as  a  conductor 
removing  the  fields  appearing  in  the  «ideal» 
pyroelectric  lattice. 

3.  Cracking  of  the  crystals  is  particularly  dangerous  in 
temperatures  where  pyroelectric  coefficient  y  has 
maximum. 

4.  Pyroelectric  fields  stimulate  migration  of  alkali 
cations  and  formation  of  defects  in  the  cation 
sublattice. 

5.  The  electric  discharge  as  a  result  of  huge  pyroelectric 
fields  inside  crystals  is  one  of  the  mechanisms  of  their 
mechanical  damage  at  cooling  or  during  operation  in 
laser  schemes. 


Single  crystals 


KTi0As04  LiInS2  AgGaS2 

pyroelectrics  pyroelectrics  nonpyroelectrics 

ferroelectrics 


Symmetry 

(point  group) 


mm2 

mm2 

42m 

Lattice  parameters 

a=  13.103  A 

a=  6.887  A 

a-  5.757  A 

b=  6.558  A 

b=  8.05  A 

c=  10.746  A 

c=  6.474  A 

c=10.305  A 

density  (G/cm3) 

d=3.45 

d=  3.5 

d=4.56 

Growth  techniques 

(TCrjsi.=850-1000  C) 

TSSG 

Bridgeman- 

Bridgeman 

with  pulling 

Stockbarger 

Stockbarger 

from  selfflux 

from  melt 

from  melt 

in  K20-As205- 
-Ti02  system 

Boule  size  (mm3) 

50x55x45  20x20x50  25x25x100 


The  technique  of  differential  dissolving  combined  with  the  ICP  analysis 
(inductively  coupled  plasms) 


aoo  x.00  «n  <0.00  hloo  loan  UN] 


Kinetic  curves  of  dissolving,  Li/In  stoichiogramms  for: 
1,2-  grown  samples,  3  -  annealed  in  S2  sample 


nOAkl  S, 


KTA 


LiInS2  AgGaS] 


Dopant 

Yb 

Nd 

Nd 

Yb 

Nd 

Segregation 

coefficient 

Ccryst/Cmeit 

0.2 

* 

© 

1 

i 

© 

0.02 

0.02-0.3** 

7 

o 

V 

Possible 
position  of 
dopant  ion 
in  the  lattice 

Distorted 
TiC>6  prism, 
two  sites: 
Ti(l),Ti(2) 

K-0(8,9) 

polyhedral 

Formation 
of  NdO? 

Octahedral 

cavity 

Octahedral 

cavities 

Distorted 

octahedral 

- 

Absorption 
cross-section, 
cm2  (300K) 

1.2x1  O'20 

2x1  O'20 

Notes:  *  forKTA:Me2+  - 

for  milky  as  grown  AgGaS2  sample 


Necessary  conditions  for  dopant  stability  in  the  crystal 
structure: 

•  Coordination  number  >6; 

•  Similarity  of  sizes  for  dopant  ion  and  host  site; 

•  Charge  compensation 


1  1  Design  &  Technological  Institute 

of  Monocrystals  SB  RAS 

43  Russkaya  str., 

Novosibirsk  630058  Russia 
E-mail:  alex@cl is.tisk.ru 

Spectroscopic  properties 
of  pure  and  Rare  Earth-doped 
nonlinear  crystals  for  the  mid-IR 

A.Elisseev 


Outline: 

A.  Spectroscopic  features  of  pure  nonlinear  crystals 

1.  Absorption  /luminescence  of  pure  nonlinear  single 

crystals  for  the  mid  -IR:  excitation  mechanisms 

•  KTiOAs04  (KTA); 

•  AgGaS2; 

•  LiInS2. 

B.  Spectroscopic  properties  of  RE-doped  crystals 

1.  Option  of  RE  dopants  for  nonlinear  crystals  as 

•  Poly  functional  laier  elements; 

•  Chalcogenides  as  an  active  media  for  the  mid  IR; 

2.  Spectroscopy  of  Nd  and  Yb:  spectra,  decay  times, 

3.  Radiation  and  radiationless  multiphonon 
relaxation,  stimulated  emission  in  the  mid-IR 


Luminescence,  a.u. 


Photoluminescence  in  AgGaS  ,  T=80K 


PL 


As  grown 


Annealed  in  Ag  S+S 


PLE 


Excitons 

B,C  A 

•if 


1000  1500 

Wavelength,  nm 


1600 


Band-to-band  excitation  (370  nm) 


Excitation 
in  cxciton  lines 
(442, 461  nm) 

Ef  *40  maV 


100  120 
Temperature,  K 


400 


PLE  for  500(1), 

680  (2)  and  1550  nm(3) 


Wavelength,  nm 


urn  ‘ipSuspA^ 


Yb:KTA 


Luminescence  spectra  of  LilnS^.Nd  r3/2  11/2 

versus  temperatureat'h^5  nm  excitation  *  A 


Wavelength,  nm 


Growth  and  Optical  Properties  of  LiNb03-W03  and  LiNb03-Mo03  solid  solutions 
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Method:  Czochralski 


0  VI 


jndjno  DUS 


MoI%WO 


Powder  SHG  for  LiNb03  Doped  with  Various  Cones,  of  MO 


MoI%MO 


Variation  of  d33  Coefficient  for  LiNb03  Doped  with 
Various  Concentrations  of  WO* 


»nd*no  OHS 


Mol%WO 


Variation  of  d33  Coefficient  for  LiNb03  Doped  with  Various  Cones,  of  MO 


*ndjno  OHS 


Mol%MO 


The  solid  solution  range  for  growth  of  Ul.yNbl.xWx03  and  Li1.xNb1.xMox03  crystals  is  limited  to 
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Peak  Signal  Intensity  (Wcm2) 


Signal  Intensity W/cm2) 

-  FittorData(Gamma=92cni-l) 

- NomVafDiffusion  Theory(Gamma=20cm-l) 

OOO  Data 


Developments  in  PPLN  Fabrication  at  the  ORC 


•  P4 

S 

cc 

pi 

d 

<5 

Oh 


a 


a 

o 

*C 

4> 

73 

a  2 
o  ** 
M  PQ 
73  Si 
h  *3 

rt  O 

U* 

h 

A 

•i  « 

o  ! 

«*4  Pm 

2  ® 
£  s 
*  ® 

*  g 
a  A 
c  w 

C#  • 

Wfi 

«  i 

a  S 

»■  •  ft 

o  a 

h  . 

a 

ft 


£ 

tt 


43 

-M 

o 

a 

u 

o 

co  43 

5< 
■S  | 

,<u 

to  5 

o  T 
d  f 
W  I 

h  O 

©  a 

•  PN 

l 

o 

#N 

fl 

O 

PQ 

s 

A 

Pm 


w 

bO 

s 

C/3 

C3 

o 

3 

H 

CO 

x> 

O 

o 

•  1— < 

4> 

a 


ss 

O 


_  <D 

w  a 


03 

•  PN 

u 

s 

s 

s 


c « 


=L 

i/) 

r* 

A 


a  *2 

S  * 

es 

Vi 

s 
s 


•§ 

a 

o 

c« 

5- 

C3 

O 

o 


s 

& 

fS 

o 

2  A 

O  ce 

•pH  ^ 

>*  g, 

S3  d 
.gf  08 
3S  U 

v 

^rj 

«  2 


1  -a 

5- 


©  >, 


O  g 
pS  © 


o 

0> 


eg 

.Sf> « 

**  Sr 

WD  3 

©  Sr 
a 

o  a 

a  a  ©  p=3 
-d  u  ^  sT 
«2  ^  ^ 
5  '*■■*'©  a 

O  —  - 

b  g 

3  ^ 


©  Jm 

*  a 

CO  S 

•pa  *3 
in 

O  O 
4-5  -M 

I  i 


g®  a 

5  © 
2  ©* 
5  S 


o 

&  |  s 

2  2 

•pN 

*  g  s 

£  a 

O  JS 

03 

o 

•aN 

a 

■s  s  -s 

^  u  £ 
©  «  <2 

■§  .5 

■as 

©  r 

42 

03 

to 

Z 

a  T3  >> 
&  a  a 

(/5  a  a 
r  & 

2§f  8 

a  o 
©  a 
h  • 

©  © 
c«  Sm 

©  s 

to 

W  §  1 

a  a 

c«  d 

to 

Q  U  M 

d  a 

to 

•  •  • 

•  • 

Experimental  Setup 
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*  The  input  pulses  were  ~  3ps  long  with  a  bandwidth  of  2nm  and  a  maximum 
peak  power  of  300kW. 
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Lithium  Niobate: 
differential  etching 


Applying  PR 


+z  untouched 

-z  etches 
700nm/hr 
(room  temp.) 


^JFPatteming  PR 


Optoelectronics  Research  Centre 
University  of  Southampton 
UK 


LMA  erbium  fiber  HR 


f3  ml  m2 


Fig.  1.  Schematic  of  the  setup:  LMA,  large-mode-area. 
AOM,  acousto-optic  modulator;  HR,  highly  reflecting.  £ 


30  40  50  60  70  80  90  100 


Pump-pulse  energy  [pJ] 

Fig.  2.  Energy  characteristics  of  the  generated  idler  out¬ 
put  at  2.61  pm. 


Oxford  Crystal  Growth  Group 

Growth  of  phosphates  and 
arsenates  for  periodic  poling 

K.B.Hutton  and  R.C.C.Ward 
Clarendon  Laboratory,  Parks  Road,  Oxford  0X1  3PU 


•  Properties  of  phosphates  and  arsenates 

•  Material  requirements  for  periodic  poling 

•  Growth  programme  using  self  fluxes 

•  Assessment  of  results 
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Optical  and  electrical  properties  of  KTP  isomorphs 
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Curie  point 
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* 


Can  be  reduced  to  2x1  O'9  by  doping  with  trivalent  ions 


Sources  :  Cheng  et  al,  J.Crystal  Growth  137  107  (1994) 
Cheng  &  Bierlein,  Ferroelectrics  142  209  (1993) 


Crystal  structure  of  K+Ti4+0P5+04 


(from  P. A. Thomas  &  A.M.Glazer,  J.Appl.Cryst.  24  968  (1991)) 


P04  tetrahedra 


Electric  field  poling  of  KTP  and  analogues 


•  Electric  field  poling  of  hydrothermal  KTP 

Q.  Chen  8,  W.P.  Risk,  Electron.  Lett.  30  1516  (1994) 

•  Periodic  poling  of  RTA 

H.Kar1sson,F.Laurell  et  al,  Electron.  Lett.  32  556  (1996) 

•  Periodic  poling  of  flux-grown  KTP  with  Rb-exchanged  layer 
H.Karlsson  &  F.Laurell,  Appl.Phys.Lett.  71  3474  (1997) 

•  Low-temperature  poling  of  flux-grown  KTP 
G.Rosenman  et  al,  Appl.Phys.Lett.  73  3650  (1998) 


Advantages  of  KTP  analogues  for  periodic  poling 

•  Lower  poling  voltage  than  LiNbOa 

•  Highly  anisotropic  crystal  structure  inhibiting  domain  broadening 

•  Stable  device  operation  due  to  small  dn/dT 


Growth  of  KTP  analogues  for  periodic  poling 


•  Objectives 

1 .  Production  of  high-quality,  flux-grown  KTP  for  poling  trials 


2. 


Investigate 
Doping  - 


methods  of  lowering  conductivity  of  KTP 

Ga3*  (ref:  Morris  et  al,  J.Cryst.  Growth  109  367  (1991)) 

Ce4+  (correlation  with  increased  transmission?) 

Rb *  (ref.  RTP  properties) 


3.  Establish  UK  source  of  KTA  and  RTA 

Extended  IR  transmission  and  inherently  low  conductivity  (RTA) 

4.  Investigate  in-situ  poling  techniques 


•  Growth  methods 

TSSG  method  using  self  fluxes 

NH3H2P(As)04  +  K(Rb)2C03  +  Ti02 

Synthesis  of  high-purity  arsenate  starting  material 

Production  of  arsenate  seed  crystals  by  spontaneous  nucleation 

Optimisation  of  growth  conditions 

flux  composition,  growth  temperature,  doping 


h£.  i  Top  Weighing  TSSG  Furnace 

I  l  lectmmc  Balance 
-  Seed  Rod 

'  Vertical  Adjustment  Stages 
4  i  )f  rical  Windows 
s  Seed  ( 'rysta! 

R  Platinum  Crucible 

Alumina  ( Tumble  Support  Rod 
S.  fhree  Zone  Furnace 
R  Silica  Liner 
10.  ACRT  Motors 


g  (KTiOPO^)^  (KgP4013) 


Self  fluxes  for  KTP  and  analogues 


Polyphosphate  K2O  -  P2O5  solvents  : 


+  9  9  — 

K20  /  P20s 

Flux 

2 

k,p2o7 

Corresponding 

1.67 

K5P3O10 

Rb  and  As  analogues. 

1.5 

/CeP40i3 

1.33 

KjPeOig 

Solubility  curves  for  KTP/K6  and  RTP/Rn 


Ref:  Angert  et  al,  J.Cryst.Growth  137  1 16  (1994)  Ref:  Oseldchik  etal,  J.Cryst.  Growth  125.639  (1992) 

Viscosity 

•  KTP/K6  -  viscosity  increases  from  75cP  at  950°C  to  300cP  at  800°C 

High  viscosity  and  flat  solubility  curve  set  limits  for  very  low 
temperature  growth 


Results  to  date  of  growth  programme 


•  Undoped  KTP,  GaiKTP,  CeiKTP 

Routine  production  of  large  crystals  («1  OOg)  established 


•  Rb-doped  KTP 

5, 10,  20  mol%  concentrations,  growth  temp.  *  860°C 

Growth  rate  low  along  a-axis 

Quality  appears  higher  than  undoped  KTP 

RTP  crystals 

Growth  along  a-axis  enhanced  (a:b:c»1:1:1) 

Melt  very  viscous  at  830°C  -  higher  temp,  under  test 

•  Arsenates 

Synthesis  of  starting  materials  established 

KTA  run  in  progress  (886°C  using  K6  flux) 

Volatility  of  solution  higher  than  KTP 

RTA  -  small  crystal  grown  at  893°C(R5)  to  provide  seeds 
Evidence  that  a- axis  growth  enhanced  in  arsenates 
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Saturation  of  generated  signal 


Worse  SHG  performance 


Very  low  reflectivities  shown  at  5.5  and  10.26  urn 


A  New  Nonlinear  Optical 


Work  supported  L.N.  Durvasula  at  DARPA  (via  the  Air  Force  Research  Laboratory  Materials  Directorate 
contract  No.  F33615  -94-C-5415)  and  Sanders  Internal  R&D  Funding 
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Large  Nonlinear  Coefficient 
d15=17pm/V 


Time  (1  sec/div.) 


Images  of  sample  #296G  (Total  poling  depth  ~0.5  mm) 
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10W  of  2.05um  input  (10kHz,  10ns)  produced  SmJmW  at  1 .025um  from 
an  uncoated,  8mm-!ong  sample  at  ~55°C  (4%  conv.  eff.  after  refl.  loss) 

No  evidence  of  photorefractive  damage  or  thermal  lensing  was  observed 


